Prostaglandin E2 (PGE2) is an endogenous lipid molecule involved in normal brain development.
| INTRODUCTION
Autism spectrum disorder (ASD) is a neurodevelopment disorder phenotypically characterized by difficulties in social interaction, abnormal communicatory behaviors and the presence of restricted and repetitive behaviors. Many individuals with ASD also experience motor difficulties, 1 sensory sensitivity 2 and anxiety. 3 Epidemiological data reveal that ASD is one of the most common neurodevelopment conditions in children, affecting 1 in 68. [4] [5] [6] [7] The prevalence of ASD has a strong sex bias, with significantly higher diagnosis in males compared with females. 8 Sex also plays a role in the clinical presentation of ASD through varied symptomology. [9] [10] [11] For example, in males with ASD, attention deficit-hyperactivity disorder (ADHD) is more prevalent 12 and repetitive behaviors are more severe than females. [13] [14] [15] The manifestation of these deficient behaviors in ASD likely arises from complex interactions between genes and environment that result in improper brain development. [16] [17] [18] Abbreviations: AA, arachidonic acid; ASD, Autism spectrum disorders; ADHD, attention deficit-hyperactivity disorder; COX1,2, cyclooxygenases-1 and -2; KI, knockin; PLA2, phospholipase A2; PGE2, prostaglandin E2; RQ, relative quantification; WT, wild-type Current research on the developing brain has provided substantial evidence for the link between ASD and abnormal signaling of the lipid mediator, prostaglandin E2 (PGE2). [19] [20] [21] PGE2 is the major lipid molecule in the nervous system. In the healthy brain, it is synthesized from arachidonic acid (AA) that is released from cell membranes through the activity of phospholipase A2 (PLA2). 22 AA is further converted to PGE2 and other prostanoid metabolites by two enzymes, cyclooxygenase-1 and -2 (COX1 and COX2) ( Figure 1 ). However, PGE2 is the predominant metabolite of COX enzymatic activity.
COX1 is constitutively expressed in most tissues and in the brain primarily by microglia. [23] [24] [25] In contrast, COX2 expression is typically inducible in the periphery by inflammation, but has constitutive expression in the kidney, intestinal track, female reproductive system and brain, where it is mainly localized in neurons. 24, [26] [27] [28] [29] [30] expression levels are significantly higher in the whole brain, particularly in the hippocampus and cerebral cortex, compared with its expression in peripheral tissues. 27 In COX2-deficient mice, the endogenous level of PGE2 in the brain is reduced by half compared with wild-type (WT) mice, indicating that COX2 contributes significantly to PGE2 production in the nervous system. [31] [32] [33] [34] Normal COX2/ PGE2-mediated signaling is involved in fundamental brain functions such as dendritic spine formation, synaptic plasticity and memory and learning. 22, 30, [35] [36] [37] Various abnormalities in key components of the COX2/PGE2 pathway due to both genetic and environmental influences have been implicated in clinical studies on ASD 20, 21 ( Figure 1 ). For instance, increased and decreased ratios of AA to omega-3 and omega-6 fatty acids, [38] [39] [40] increased PLA2 activity, 41 decreased total AA and increased PGE2 levels 42 have been reported in blood samples of human patients with ASD. Moreover, polymorphism of Ptgs2, the gene that encodes the COX2 enzyme, has been associated with ASD and its relevant behaviors. 43 Furthermore, misuse of the drug misoprostol-a PGE2 analogue-for the termination of pregnancy was linked to elevated risk of ASD. 44 We also previously reported that PGE2 signaling in the developing brain is especially vulnerable to various environmental insults such as inflammation, oxidative stress, pollution, heavy metals, pesticides and commonly used over-the-counter drugs like acetaminophen and nonsteroidal anti-inflammatory drugs including acetylsalicylic acid, which all have been linked to ASD. [19] [20] [21] 45 Emerging molecular evidence offers insight into possible mecha- 
| Genotyping
Genotyping analysis was performed via polymerase chain reaction (PCR) analysis of the COX2 gene using primer sequences provided by the Jackson Laboratory (Ptgs2; 
| Marble burying test
Changes in repetitive behavior and anxiety levels were evaluated through the marble burying test in line with previously described methods. [60] [61] [62] [63] [64] The trials were recorded using a Sony Cyber-shot DSC-W800 were recorded for analysis of digging and grooming behavior. 
| Inverted screen test

| Three-chamber sociability test
The three-chamber test was used to measure sociability as previously described. 61, 63, 64, 67, 68 The sociability apparatus (60 cm L × 45 cm W × 26 cm H) was made from clear acrylic walls and divided into three chambers equal in area. The two dividing walls had openings (10 × 10 cm) with removable doors that restricted or permitted access into the adjacent chambers. Testing consisted of two phases. In the first phase, the test mouse was individually placed in the center chamber and allowed to explore only the center chamber for Autism-associated genes were selected based on our recent findings in prenatal COX2 knockout mice 52 and previous research completed in human studies (refer to Section 4). Primer pairs for tested genesWnt2, Glo1, Grm5 and Mmp9 (Table 2 )-were designed using Primer 
| Statistical analysis
All behavioral data are graphically presented as mean AE standard error of the mean (SEM) representing individuals from a minimum of three separate litters for each condition and time point. Three-way Similarly, WT animals did not show age differences in pathlength traveled within the male groups ( Figure 2B , P = 0.092). No age differences were seen in (COX)-2 − males ( Figure 2B , P = 0.204).
Though no age differences were observed in WT females ( Figure 2C , (C) Measurements for time spent in center revealed no differences in anxiety-linked behavior in female mice. Sex-and age-dependent differences in anxiety-related behavior were found only in WT groups. Animals from at least three different litters were tested for each experimental group. Data are presented as mean AE SEM, *P < 0.05, **P < 0.01, ***P < 0.001
The marble burying test was used to assess anxiety-linked and repetitive behavior over 30 minutes ( Figure 3A) . Only the number of marbles completely buried was counted and the total time spent digging or grooming was also measured. Three-way ANOVA analysis was completed on marble burying counts ( Figure 3B , F (7,96) = 11.125, Sex differences were seen in the number of marbles buried in both the WT and (COX)-2 − groups. In WT animals, no sex differences were seen between males and females in the young group ( Figure 3B , P = 0.283), but adult males were found to bury more marbles than adult females ( Figure 3B , P = 0.00458). Similarly, (COX)-2 − males buried more marbles than (COX)-2 − females and this was seen in young animals ( Figure 3B , P = 0.0338) and adults ( Figure 3B , P = 0.00468).
Age-dependent differences were only seen in males, specifically, adult mice significantly buried more marbles than young mice and this was seen within WT males ( Figure 3B , P = 0.00208) and within (COX)-2 − males ( Figure 3B , P = 0.002670). No significant difference was seen in marbles buried between young and adult females within WT ( Figure 3B , P = 0.269) or (COX)-2 − groups ( Figure 3B , P = 0.079). No sex-or age-dependent differences were observed in digging times. Animals from at least three different litters were tested for each experimental group. Data are presented as mean AE SEM, *P < 0.05, **P < 0.01, ***P < 0.001
Three-way ANOVA analysis was completed on digging behavior ( Figure 3C , F (7,48) = 4.874, P < 0.001). The pattern seen in the time spent digging (seconds) corresponded with the number of marbles buried, whereby (COX)-2 − mice spent significantly more time digging than WT controls. This increased digging behavior was seen in young (COX)-2 − males ( Figure 3C , P = 0.0254), adult (COX)-2 − males ( Figure 3C , P = 0.000329) and young (COX)-2 − females ( Figure 3C , P = 0.0446). No significant differences in digging behavior were seen between WT and (COX)-2 − mice in adult females ( Figure 3C , P = 0.0682). There were no significant sex or age differences within test groups seen in time spent digging ( Figure 3C , P > 0.05). Threeway ANOVA analysis was also completed on grooming behavior (F (7,48) = 1.325, P = 0.260). There were no statistical differences in the time spent grooming (seconds) for all group comparisons (no figure shown, P > 0.05; total mean = 103.2 AE 8.2).
In overview, (COX)-2 − mice buried significantly more marbles and spent more time digging than WT controls. Sex-and age-dependent differences were also seen in the number of marbles buried, with males and adults burying the most marbles. The greatest number of marbles were buried by adult (COX)-2 − males. No differences were seen in time spent grooming.
| Motor strength: inverted screen test
To assess changes in motor strength, mice were subjected to the inverted screen test, which ran for a duration of 10 minutes (F (7, 51) = 0.877, P = 0.531) or the novel object (F (7, 51) = 0.659, P = 0.705)
was not statistically different between groups (data not shown).
Overall, we observed that young and adult WT or (COX)-2 − mice spent more time exploring the novel mouse chamber. A statistical least three different litters were tested for each experimental group. Data are presented as mean AE SEM, *P < 0.05, **P < 0.01, ***P < 0.001 difference was only seen in adult female mice spending less time in the novel mouse chamber compared with age-matched controls.
There were no sex-or age-dependent differences observed.
| Abnormal expression of autism-linked genes in (COX)-2 − mice
Our previous microarray analysis study in (COX)-2-deficient mice at two prenatal stages and our past in vitro work collectively found differential expression of the following genes-Wnt2 Glo1, Grm5 and -which were all previously linked to ASD. [74] [75] [76] [77] The gene expression levels were determined in whole brain samples collected at postnatal day 8, which is analogous to the infant stage in humans, 69, 70 using qRT-PCR analysis (Table 2 ).
In comparison with WT males (RQ = 1), expression of all genes tested was significantly different in (COX)-2 − males (Table 3) 
| DISCUSSION
In this study, we describe for the first time autism-related behaviors in (COX)-2 − KI male and female mice and propose that these mice may serve as a novel experimental model system for studying ASDs. We observed sex-specific and age-specific differences that have never been described before in this animal model. The results presented in this study along with published clinical data [19] [20] [21] as well as in vitro and in vivo molecular research [47] [48] [49] [50] 52, 73 strengthen the evidence that abnormal COX2/PGE2 signaling may influence brain development and contribute to ASD pathology. We determined that male and female (COX)-2 − KI mice lacking activity from the PGE2-producing enzyme display behaviors linked to autism, specifically in hyperactivity, anxiety, repetitive behaviors, motor strength and social interaction (Table 4) . For the majority of behavioral assessments conducted, autism-related behaviors were particularly pronounced in male (COX)-2 − mice. FIGURE 5 Sociability behavior was determined using the threechamber test. (A) Video recordings were taken and the time spent in the novel object chamber and novel mouse chamber was recorded. (B) Young mice showed preference for social proximity indicated by spending the greatest amount of time in the novel mouse chamber. No significant differences were observed between young groups for time spent within the novel object chamber or time spent within the novel mouse chamber. (C) Adult mice also preferred social proximity but adult female (COX)-2 − mice spent significantly less time in the novel mouse chamber (orange bars) than matched WT controls. Animals from at least three different litters were tested for each experimental group. Data are presented as mean AE SEM, *P < 0.05 Gene expression analysis on autism-linked genes were completed on postnatal day 8 samples as shown as RQ units for male and female (COX)-2 − groups relative to respective controls (RQ = 1). Values represent the mean of individuals from at least three independent litters. *P < 0.05, **P < 0.01, ***P < 0.001.
Results from the open field test revealed that (COX)-2 − mice have elevated ambulatory activity and adult (COX)-2 − males spend less time in the center, which are analogous to greater hyperactivity and anxiety behaviors, respectively. 59 These behaviors seem to be comparable with symptoms commonly reported in ASD cases. 78, 79 For example, a number of cross-sectional studies have reported that 40% to 55% of children with ASD also had ADHD [80] [81] [82] or anxiety disorders. [83] [84] [85] Our analysis on sex differences in the open field test revealed that (COX)-2 − males showed increased movement or hyperactivity compared with (COX)-2 − females, which is reminiscent of a bias in the prevalence for ADHD in males with ASD. 12 We also found that anxiety-linked behavior, indicated by decreased time spent in the center of the open field test, was significantly elevated specifically in adult (COX)-2 − males compared with sex-and age-matched controls. This relationship between increasing age and anxiety is also seen in clinical studies on ASD and ADHD, where older patients had a higher prevalence of anxiety disorder than younger patients. 82 In contrast to our results, previous work utilizing postnatal subcutaneous injections of a COX2
inhibitor in a rat model found no alterations in activity output in the open field test. 49 This signifies that behavioral outcomes of COX2 deficiency may manifest through aberrations of COX2/PGE2 signaling that occur prenatally as opposed to postnatal time points.
The marble burying test showed that (COX)-2 − animals buried a higher number of marbles compared with WT controls representing increased repetitive and anxiety-related behaviors, which are characteristic symptoms of autism. 79, 86, 87 Sex differences were also seen in control and (COX)-2 − animals: males buried more marbles than females suggesting that males show higher levels of anxiety-related and repetitive behaviors. This male-specific sex difference in anxiety and repetitive behaviors has also been reported in general and ASD-affected human populations. 13, 14, 88 Moreover, age-specific differences were only seen in males, where adult mice buried more than young mice. It appears differences in the marble burying test were seen predominately in (COX)-2 − animals and particularly in males, which parallels the strong male prevalence in ASD. 8 We also found that young male (COX)-2 − mice fell at a higher rate during the inverted screen test indicating that these animals have less motor strength compared with controls. Analyses reported by Kern et al. 89 found that hand-grip strength in children with ASD was correlated to the severity of the disorder. Motor deficits are also comorbid symptoms of autism. 66, 90 For example, hypotonia, defined as a decrease in muscle tone, has been commonly characterized in young children with ASD. 91 Hypotonia also seems to improve across development as it is less prevalent in older children with ASD. 91 
Results represent the overall significant behavioral comparisons of (COX)-2 − mice to respective WT controls, where " = increased; # = decreased and − = not significant. Each finding is a representation of individuals from at least three independent litters. patients with ASD, correlating to speech delay. 104, 105 The elevated This study reveals that the abnormal expression of autism-linked genes can persist in COX2-deficient mice during postnatal development. This complements our existing results from a microarray study conducted on prenatal stages of COX2 knockout animals. 52 Our past study found that prenatal COX2 knockout male mice (at both embryonic days 16 and 19) exhibit gene expression abnormalities and deficits in protein-interaction networks involved in a number of key biological processes including regulation of immune responses, synaptic transmission, cell morphogenesis and the Wnt signaling pathway. 52 Building on this earlier finding, irregularities in these crucial processes may contribute to the autism-linked behaviors in the COX2-deficient mice described here.
Previous literature has also revealed additional atypical phenotypes in COX2-deficient mice associated with the global inactivation of COX2. For example, the differential expression of constitutive COX2 in various peripheral tissues contributes to tissue-specific irregularities, including renal abnormalities, gastric dysfunction and infertility. 27, 29, 55, 117 COX2-deficient mice also exhibit defects in inflammatory responses and skeletal muscle development. 29, [118] [119] [120] The hindered formation of muscle in COX2-deficient mice may explain the reduced motor strength in (COX)-2 − KI mice observed in this study. All these reported phenotypes could be relevant to developmental disorders such as ASD, and thus should be evaluated together in the future.
Furthermore, our analysis of social behavior was limited to the three-chamber sociability test. Behavioral assays in subsequent studies could include additional tests investigating ultrasonic vocalizations, reciprocal social interactions, social novelty and social approach.
Moreover, gene expression analyses were completed on whole brain samples from postnatal day 8 but examining region-specific expression of these affected autism-associated genes across other developmental stages may provide new details regarding their impact on behavioral outcomes.
In conclusion, the results from this study provide the first behav- 
